Abstract The effect of the radial density configuration in terms of width, edge gradient and volume gradient on the wave field and energy flow in an axially uniform helicon plasma is studied in detail. A three-parameter function is employed to describe the density, covering uniform, parabolic, linear and Gaussian profiles. It finds that the fraction of power deposition near the plasma edge increases with density width and edge gradient, and decays in exponential and "bumpon-tail" profiles, respectively, away from the surface. The existence of a positive second-order derivative in the volume density configuration promotes the power deposition near the plasma core, which to our best knowledge has not been pointed out before. The transverse structures of wave field and current density remain almost the same during the variation of density width and gradient, confirming the robustness of the m=1 mode observed previously. However, the structure of the electric wave field changes significantly from a uniform density configuration, for which the coupling between the Trivelpiece-Gould (TG) mode and the helicon mode is very strong, to non-uniform ones. The energy flow in the cross section of helicon plasma is presented for the first time, and behaves sensitive to the density width and edge gradient but insensitive to the volume gradient. Interestingly, the radial distribution of power deposition resembles the radial profile of the axial component of current density, suggesting the control of the power deposition profile in the experiment by particularly designing the antenna geometry to excite a required axial current distribution.
Background
Helicon plasma usually refers to a cylindrical plasma with an axial static magnetic field, driven by radio frequency (RF) waves at frequencies between the ion and electron cyclotron frequencies [1] . It has densities typically much higher than capacitive and inductive plasma sources [2−4] . This remarkably high efficiency enables helicon plasma applicable to various fields including: plasma rocket propulsion [5−8] , a plasma source for magnetic fusion studies [9] , Alfvén wave propagation [10] , RF current drive [11] , laser plasma sources [12] , semiconductor processing, electrodeless beam sources, and laser accelerators [13] . It also motivates extensive theoretical and experimental studies to reveal the underlying mechanism [3,14−22] .
To date there are mainly three conjectures about the ionization mechanism: collisionless heating by Landau damping when electron thermal velocity is close to the wave phase velocity [14, 23] , coupling between the Trivelpiece-Gould (TG) mode and helicon mode near the plasma edge [19, 24] , and resonant-type absorption of RF power via a radially localized helicon mode formed by the radial density gradient [20, 25] . However, they all require certain conditions and none of them could cover the full ionization story, leaving the mystery for further research.
Since a gradient is commonly observed across helicon plasma when the guiding magnetic field is sufficiently strong [2,3,26−28] , the effect of radial non-uniformity on helicon discharge was studied by many groups [15, 19, 20, 25, 29, 30] . However, a systematic variation of the three components of wave field and current density with a radial density configuration has not yet been given, neither has a full picture of the energy flow in the cross section of helicon plasma. To fill this gap, we employ a three-parameter function to vary the radial width, edge gradient and volume gradient of plasma density, which is configured in uniform, parabolic, linear and Gaussian profiles, and compute the corresponding wave field and energy flow.
Results show that the fraction of power deposition near the plasma edge increases with density width and edge gradient, and decays in exponential and "bumpon-tail" profiles, respectively, away from the surface. The existence of positive second-order derivative in the volume density configuration promotes the power deposition near the plasma core, which to our best knowledge has not been pointed out before. Moreover, the radial distribution of power deposition resembles the radial profile of the axial component of current density, and the energy flow in the cross section of helicon plasma behaves sensitively to the density width and edge gradient but insensitively to the volume gradient.
Model and computation
To reveal the effect of the radial density configuration on wave field and energy flow, we make use of Maxwell's equations [18, 19, 31] :
where E and B are electric and magnetic wave fields, respectively, t is time, H = B/µ 0 , and D = ε 0ε · E. Here, µ 0 and ε 0 are permeability and permittivity in a vacuum, respectively, andε is the standard cold-plasma dielectric tensorε
with
The subscript α labels particle species (i. e. electron and ion), ω is the wave frequency, ω pα = n α q 2 α /ε 0 m α is the plasma frequency with n α density, q α charge, and m α mass, ω cα = q α B 0 /m α is the cyclotron frequency with B 0 static magnetic field strength, and υ α is the collision frequency between species. The plasma current j can be calculated through
whereσ is the conductivity tensor. The relationship betweenσ andε isε
with1 the unit tensor and i imaginary unit. We consider a cylindrical coordinate system (r, θ, z) and perturbations varying as exp [i (kz + mθ − ωt)], with k and m axial and azimuthal wave numbers respectively. Eqs. (1) and (2) can be manipulated into a set of four coupled differential equations for the Fourier transformed variables:
where k 0 = ω/c with c the speed of light. Eqs. (9)- (12) constitute the theoretical model describing the wave field in helicon plasma, from which we shall compute current density and energy flow. To calculate these equations, we employ HELIC [18, 19, 31] , a C++ program for designing RF plasma sources and experiments and for interpreting experimental data. The program solves Eqs. (9) to (12) for each k to obtain two independent waves, which are then combined by applying boundary conditions algebraically.
The computational domain utilized in the present work is shown in Fig. 1 . A plasma cylinder is contained in a glass tube, outside of which there is a conducting metal sleeve. The plasma is excited by a RF antenna wrapping around the glass tube, and two probes are inserted radially at z p and axially at r p to measure the profiles of the wave field. Parameters R W and R P label the radii of wall and plasma, respectively. The antenna thickness is not considered and is thus taken to be zero. The antenna current sheet is coupled into the model described by Eqs. (9)- (12) through boundary conditions. In our calculations, the plasma cylinder is assumed to be infinitely long to eliminate the reflection effects of axial endplates. The employed conditions are shown in Table  1 . We consider a single species of singly charged ion, i. e. Ar + . The collision factor of 1 means no enhancement but the original Spitzer collision frequency. The values of driving frequency, wave number, density on axis and magnetic field strength are typical parameters of helicon discharge. The plasma is assumed to have no axial structure. Radial variations of field strength, neutral pressure and electron temperature are also neglected to focus on the effect of the radial density configuration on wave field and energy flow. We choose a three-parameter (f d , s d , t d ) function of the form [18, 19, 31] n α (r) n α0 = 1 − r w
to construct uniform, parabolic, linear and Gaussian density configurations. Static magnetic field (B0) 0.02 T Collision factor 1
Results and discussion
Based on the theoretical model, numerical implementation and conditions described above, we can construct various radial density configurations and explore their effects on wave field, current density and energy flow. It should be noted that realistically the wave field, current and energy flow also affect the density configuration, and are even applicable to controlling this configuration. However, due to the limitation of HELIC, modeling their mutual interaction is out of the scope of this paper and is thereby left for future research.
Width
First, we vary the width of plasma density by increasing the parameter f d from 0.01 to 0.99 while fixing s d = 2 and t d = 1. Fig. 2(a) shows the typical five density configurations constructed. The corresponding radial profile of relative power absorption is shown in Fig. 2(b) . We can see that the fraction of power absorption at the edge increases with the width. This is due to strong edge heating and small skin depth
√ n e ), because the density near the edge also increases as f d is increased, and is consistent with previous studies [19, 22, 32] . Fig. 2(c) describes the resultant wave field and current density. Overall, all components decrease with increased width, because less power is coupled from the antenna into the plasma. However, the current density bumps up near the edge, which is consistent with the enhanced power absorption there, and leads to a similar feature in the radial profile of |B z |. The radial component of the electric wave field, which is determined by the radial boundary condition, behaves insensitively to the variation of density width.
Edge gradient
Second, we investigate the effect of the edge gradient on the wave field and current density by varying s and fixing f d = 0.01 and t d = 1. Five typical density configurations are shown in Fig. 3(a) for s = 1, s = 2, s = 5, s = 10 and s = 20, respectively. The configuration of (f d , s d , t d ) = (0.01, 2, 1) labeled in the blue-solid line is employed throughout the whole paper for reference. Similar to Fig. 2(b) , the fraction of power absorption near the edge increases significantly as the edge density gradient is increased. However, different from the exponentially decayed profile of power absorption near the edge caused by increased width, the enhancement of the edge gradient excites "bump-on-tail" profiles with increasing peak magnitude. The red-dashed line, which represents a linear density profile and thereby the smallest density gradient and weakest edge heating, shows the most power penetrated into core plasma. Again, the current density bumps up near the edge, and the radial component of the electric wave field remains nearly unchanged.
Volume gradient
Next, we explore the effect of volume gradient on wave field and current density by varying the parameter t from 1 to 100. Fig. 4(a) shows five typical density configurations constructed. Fig. 4(b) describes the radial profile of power absorption. Different from those in Fig. 2(b) and Fig. 3(b) , the fraction of power absorption near the edge decreases with volume gradient here, and consequently the fraction near the core increases. Moreover, we find that the existence of positive second-order derivatives in the density configuration promotes the power absorption near the plasma core, which to the best of our knowledge has not been pointed out before. This may explain that for most Gaussian density configurations employed in experiments, the highest ionization occurs in the core plasma. Since the plasma density close to the antenna lowers as the volume gradient is increased, the coupling between plasma and antenna becomes weak and thereby the total energy coupled into the plasma is reduced, although the fraction near the core increases. This results in a weakened overall wave field except the axial components of the electric wave field and current density. Interestingly, we find from Figs. 2-4 that the radial distribution of relative power absorption resembles the radial profile of the axial component of the current density. This suggests that experimentally the axial component of the current density may be made use of to modulate the power absorption profile by designing a particular geometry of the RF driving antenna, to excite a required axial current distribution. This consolidates an earlier statement that the wave field, current and energy flow can also affect the density configuration. However, due to the limitation of HELIC, modeling their mutual interaction is left for further research, together with the experimental implementation of the particular RF antenna.
Wave field structure and energy flow
Finally, to show intuitively how the radial configuration of plasma density affects wave field structure and thereby energy coupling, we first compute the transverse structures of wave field and current density. Fig. 5 shows the results for nearly uniform 01, 2, 100 ) density configurations. The streamlines label the vector of wave field and current density. We can see that the structures of magnetic wave field and current density remain almost the same, whereas the structure of the electric wave field changes significantly when the configuration varies from uniform to non-uniform; but overall, the transverse structures change negligibly for non-uniform density configurations, which are more realistic in experiments. This is consistent with the robustness of the m = 1 mode observed in many experiments. Then, we compute the energy flow in the cross section of helicon plasma through S = E × H. The permeability is taken to be the value in a vacuum because it does not change much in the plasma. This allows us to easily compute S from E and B. Fig. 6 shows the vector-field plots of energy flow for the density configurations employed in Figs. 2-4 . It can be seen that the density width and edge gradient have a much stronger effect on the energy flow than the volume gradient. This is because the coupling between the TG mode and the helicon mode is sensitive to the density and its gradient near the antenna, i.e. radial width and edge gradient, and no other than this coupling changes the energy deposition topology significantly. For Gaussian configurations, the energy flow behaves insensitively to the variation of volume gradient. Based on Maxwell's equations and cold-plasma dielectric tensor, we studied the effect of the radial density configuration in terms of width, edge gradient and volume gradient on the wave field, current density and energy flow in an axially uniform helicon plasma. A three-parameter function is employed to describe the density, covering uniform, parabolic, linear and Gaussian profiles. We find that a bigger width and correspondingly higher density near edge produce a higher fraction of power deposition close to the surface, which is due to the strong edge heating and is consistent with previous studies, and result in an exponentially decayed profile of the power deposition. Differently, the enhancement of the edge gradient excites a "bumpon-tail" profile of power deposition with increasing peak magnitude. The radial distribution of power deposition resembles the radial profile of the axial component of current density, suggesting the experimental control of the power deposition profile through particularly designing the antenna geometry to excite a required axial current distribution. The effect of the volume gradient indicates that the existence of a positive second-order derivative in the density configuration promotes the power deposition near the plasma core. This, to our best knowledge, has not been pointed out before. The transverse structures of wave field and current density remain nearly unchanged during the variation of density width and gradient, confirming the robustness of the m = 1 mode observed in previous studies. The energy flow in the cross section of helicon plasma, which is presented for the first time, behaves sensitively to the density width and edge gradient because of the coupling between the TG mode and the helicon mode near the plasma edge, and insensitive to the volume gradient.
